a, VE, norepinephrine, lactate, and heart rate were greater at matched absolute work rates in subjects with CHF than in subjects with NLVF (P<.01).
However, when the rise in [K']a was plotted against percentage of Vo2max to match for relative submaximal effort, there were no differences between the two groups. Physical training resulted in reduced exercise-induced hyperkalemia at matched atients with chronic heart failure (CHF) ventilate more for a given work rate' and experience early muscle fatigue.2-4 Several studies have suggested that a disturbance in the metabolic state of the exercising muscle in CHF may affect both the ventilatory response and the early onset of fatigue.35'6 Exercise-induced hyperkalemia, which follows potassium (K') release from the skeletal muscle, may contribute to exercise hyperpnea.7'8 There is a strong correlation between the increase in arterial potassium concentration ([K+]a) and ventilation (VE) during exercise,9 10 and because hyperkalemia has been shown to stimulate VE in the anesthetized cat by excitation of the peripheral chemoreceptors,1" 12 this relation could be causal. It has also been suggested that K' depletion from the skeletal muscle during exercise plays a role in muscle fatigue,13"14 which is a prominent symptom in CHF. [2] [3] [4] The first aim of this study was to determine the [K+Ia, ventilatory, and metabolic responses to exercise in patients with submaximal work rates in both groups (P<.01) despite no associated change in the concentration of arterial catecholamines. At maximal exercise when trained, peak increases in [K']a were unaltered, but peak concentrations of catecholamines were raised (P<.05). The decrease in VE at submaximal work rates after training was not significant with this incremental exercise protocol, but both groups had an increased peak VE when trained (P<.01). 
Methods Subjects
Ten male subjects with stable CHF and 10 male subjects with NLVF participated in the study. Subjects with CHF had symptoms of CHF and systolic left ventricular dysfunction (ejection fraction, <30% by radionuclide ventriculography) secondary to ischemic heart disease. Subjects with NLVF (ejection fraction, >50%) who had undergone previous coronary artery bypass graft surgery were selected so that the major difference between the two groups was left ventricular function (Table 1 ). All subjects were physically inactive, and none were participating in exercise or training programs. All subjects were in sinus rhythm, able to perform cycle ergometer exercise to exhaustion, and achieve a respiratory exchange ratio of at least 1 during an initial screening test. 17 
Protocol
After the initial screening and exercise test, subjects underwent a second exercise test to further familiarize them with the protocol before the first invasive study. All exercise tests were performed at the same time of day with subjects on constant medication. For the initial invasive study, a 20-gauge brachial artery catheter was inserted in the nondominant arm with the subject under local anesthesia. Catheter patency was maintained by repeated flushing with heparinized saline (2 IU/mL). Upright cycle exercise took place on an electromagnetically braked ergometer (model KEM-3, Mijnhardt) with continuous ECG monitoring. Subjects breathed through a mouthpiece with the nose occluded. Ventilation was measured breath-bybreath using a turbine device and a Fleisch pneumotachograph.34 Gas at the mouth was sampled continuously with a mass spectrometer and analyzed for Po2 and Pco2. Ventilatory data were collected by a computer running a real-time dataacquisition program. 9 The work rate during exercise for subjects with CHF was increased in 5-W/min steps until volitional exhaustion. This point was reached when a perceived effort rating (PER)35 of 19 was achieved or a pedal frequency of 50 rpm could not be maintained. Subjects with NLVF undertook an identical incremental protocol to 75 W to serve as an absolute work rate control. After a 45-minute rest, the subjects with NLVF undertook an additional 10-W/min step test to exhaustion. This protocol was designed to match the exercise time of the group with CHF and therefore serve as a relative work rate control.
Arterial blood was sampled every minute during exercise and the first 5 minutes of recovery. The plasma was centrifuged within 15 Comparisons between the two groups are illustrated in the untrained state only (Fig 1) , but identical trends were seen when the subjects were trained. The peak exercise work rate was lower in the CHF group than in the NLVF group (79.0+5.2 versus 149.0+8.1 W; P<.01). The [K+]a, heart rate, VE, lactate, and norepinephrine were all greater at matched submaximal work rates in subjects with CHF (Fig 1) Table 2 illustrates changes in arterial pH, Pao2, and Paco2 in the subjects when untrained. Arterial pH was higher at rest and during exercise in subjects with CHF than in those with NLVF. pH decreased progressively in both groups as exercise progressed. The Paco2 was lower during exercise in the group with CHF than in the group with NLVF. The Pao2 remained constant throughout exercise in both groups.
Variables are plotted against percentage of 02 consumption in Fig 3, Evidence for Physical Training The physical training program was well tolerated, and both groups had a compliance of more than 90% (Table  3 ). The peak work rate increased significantly in both groups after training. The Vo2max increased in subjects with NLVF (P<.01), and there also was an upward tendency in the group with CHF (P=.13) ( Table 3) . No significant weight loss occurred in either group. Heart rate (Fig 4) was reduced at rest and during submaximal exercise. Peak heart rates were not affected by the training program. Arterial lactate levels were unchanged at rest but reduced at submaximal work rates after training (Fig 4) . Peak (Fig 6) , but the peak VE was increased after training in both subjects with CHF (61.6±4.3 versus 50.3±4.7 L/min; P<.01) and those with NLVF (81.8±5.4 versus 70.8±5.6 L/min; P<.01). The Vco2 was not altered by training at submaximal work rates (Fig 6) . The increases in Vco2max after training were not significant in either the group with CHF (1092±116 versus 981±62 mL; P=.17) or the group with NLVF (1824±67 versus 1729±128 mL; P=.27). The effect of training on the arterial concentrations of the catecholamines is shown in Fig 7. Resting and submaximal exercise levels of both epinephrine and norepinephrine were unchanged. The peak arterial norepinephrine concentration was increased after training in subjects with both CHF (2552±517 versus 1706±343 pg/mL; P<.05) and NLVF (3139±726 versus 1770±343 pg/mL; P<.01). Peak There are several mechanisms that could be responsible for the increased exercise-induced hyperkalemia in CHF; these include possible differences in central and peripheral exercise hemodynamics between subjects with CHF and NLVF. exercise-induced hyperkalemia after training could be the result of an increase in the skeletal muscle Na+-K+ pump concentration. An increased pump concentration has been described previously in trained compared with untrained healthy elderly men.24 Although diuretics40 and ACE inhibitors could alter exercise-induced hyperkalemia, the reduction in the rise of [K+Ia after training occurred while the doses of these medications remained constant. No patient received K' supplementation, although seven patients were receiving amiloride, a K'-sparing diuretic, as well as frusemide. with changes in catecholamines. There are conflicting data concerning the spillover of catecholamines into the plasma during exercise in healthy human subjects after training. Some investigators29 have found that catecholamines increase, whereas Casaburi et a128 found a reduction after training but used steady-state submaximal exercise testing.
In conclusion, a strong temporal correlation exists between exercise VE and exercise-induced changes in [K+Ia in subjects with either CHF or NLVF. This correlation is closer than that observed between VE and norepinephrine or that observed between VE and lactate during exercise. Furthermore, exercise-induced hyperkalemia is greater at submaximal work rates in subjects with CHF than in subjects with NLVF. The exerciseinduced rise in [K+Ia is, however, similar in the two groups when matched for relative effort. Physical training improves K' homeostasis in both groups by reducing exercise-induced hyperkalemia during submaximal exercise. Exercise responses at submaximal work rates after training, including the reduction in the rise in [K4Ia, are not associated with changes in the levels of arterial catecholamines. The possibility should be investigated that the reduction in exercise hyperkalemia follows an increase in the concentration of Na+-K+ pumps in the skeletal muscle with physical training. The pathophysiological significance of the increased exercise-induced hyperkalemia in CHF also requires further study.
